Nasal airflow plays a critical role in olfaction by transporting odorant from the environment to the olfactory epithelium, where chemical detection occurs. Most studies of olfaction neglect the unsteadiness of sniffing and assume that nasal airflow and odorant transport are "quasi-steady, " wherein reality most mammals "sniff. " Here, we perform computational fluid dynamics simulations of airflow and odorant deposition in an anatomically accurate model of the coyote (Canis latrans) nasal cavity during quiet breathing, a notional quasi-steady sniff, and unsteady sniffing to: quantify the influence of unsteady sniffing, assess the validity of the quasi-steady assumption, and investigate the functional advantages of sniffing compared to breathing. Our results reveal that flow unsteadiness during sniffing does not appreciably influence qualitative (gross airflow and odorant deposition patterns) or quantitative (time-averaged olfactory flow rate and odorant uptake) measures of olfactory function. A quasi-steady approximation is, therefore, justified for simulating time-averaged olfactory function in the canine nose. Simulations of sniffing versus quiet breathing demonstrate that sniffing delivers about 2.5 times more air to the olfactory recess and results in 2.5-3 times more uptake of highly-and moderately-soluble odorants in the sensory region per unit time, suggesting one reason why dogs actively sniff. Simulations also reveal significantly different deposition patterns in the olfactory region during inspiration for different odorants, and that during expiration there is little retronasal odorant deposition in the sensory region. These results significantly improve our understanding of canine olfaction, and have several practical implications regarding computer simulation of olfactory function.
Introduction
The canine nasal cavity is an incredibly complex multipurpose organ that houses a convoluted arrangement of tissue-lined bony turbinals that provide a large surface area and a tortuous airflow path for filtering of environmental contaminants, respiratory air conditioning, and chemical sensing. Dogs are generally thought to possess an extremely keen sense of smell that is reported to be 10 000 to 100 000 times more acute than in humans (Walker et al. 2003 (Walker et al. , 2006 . In the wild, canids use olfaction to locate food and potential mates, as well as to recognize kin and detect predators and competitors. Humans have leveraged this capability in domesticated breeds to detect illicit substances such as explosives (Furton and Myers 2001; Terkel 2003a, 2003b; Lorenzo et al. 2003) and narcotics (Lorenzo et al. 2003; Jezierski et al. 2014) , and more recently to detect diseases such as cancer (Pickel et al. 2004; Moser and McCulloch 2010; Cornu et al. 2011; Ehmann et al. 2012; Amundsen et al. 2014; Rudnicka et al. 2014; Taverna et al. 2015) .
Generally, olfactory acuity is thought to be attributable to olfactory organ size (e.g., size of the olfactory bulb, surface area of olfactory epithelium) (Smith et al. 2004; Pihlström et al. 2005) , the density of olfactory sensory neurons in the olfactory epithelium (Quignon et al. 2003) , and the number and diversity of functional genes versus pseudogenes in the olfactory receptor gene family (Quignon et al. 2003; Rouquier et al. 1998 Rouquier et al. , 2000 Shepherd 2004; Rouquier and Giorgi 2007) . Additionally, nasal morphology is thought to play a critical role in olfaction (Van Valkenburgh et al. 2014b) , as it controls airflow (Craven et al. 2010; Eiting et al. 2014 ) and odorant deposition in the nose (Lawson et al. 2012) . Specifically, the gross anatomical structure of the nasal cavity and the configuration of the olfactory region (particularly the presence or absence of an "olfactory recess") control the transport of odorant-laden air from the external environment to the sensory part of the nose (Craven et al. 2010) , which is the first critical step in olfaction.
Due to the complexity and inaccessibility of the nasal cavity in most mammals, in vivo measurement of nasal airflow and odorant deposition is not presently possible. Instead, computational fluid dynamics (CFD) is often utilized to simulate olfactory function by numerically solving the governing equations of fluid motion and odorant transport in anatomically-accurate reconstructed models of the nasal cavity. CFD simulations of nasal airflow and odorant deposition have been performed in reconstructed models of the human (Keyhani et al. 1997; Kurtz et al. 2004; Zhao et al. 2004 Zhao et al. , 2006a Zhao et al. , 2006b Zhao et al. , 2014 , dog (Craven et al. 2009 (Craven et al. , 2010 Lawson et al. 2012) , rat (Zhao et al. 2006a; Yang et al. 2007a Yang et al. , 2007b Scott et al. 2014) , and mouse (Coppola et al. 2014 (Coppola et al. , 2017 Challis et al. 2015) . To reduce the computational cost, such CFD simulations commonly neglect the unsteadiness of sniffing and assume that both the airflow and odorant transport are "quasi-steady."
In reality, air-breathing mammals tend to "sniff" when presented with an olfactory stimulus to quickly draw the odor into the nose. Humans typically sniff by inspiring a large volume of air in through the nose over a long period that can last several seconds (Sobel et al. 2000; Hornung et al. 2001; Hornung 2006; Porter et al. 2007 ). In contrast, sniffing in non-primate mammals generally consists of an alternating inspiration/expiration pattern that is repeated at a relatively high frequency-in the 4-12 Hz range (Youngentob et al. 1987; Uchida and Mainen 2003; Rajan et al. 2006; Kepecs et al. 2007; Wesson et al. 2008; Craven et al. 2010 ). Dimensional analysis is often used to predict the magnitude of unsteadiness in the nose during sniffing by calculating the non-dimensional Womersley (Craven et al. , 2009 Ranslow et al. 2014) or Strouhal (Keyhani et al. 1997; Zhao et al. 2004 Zhao et al. , 2006a Yang et al. 2007a Yang et al. , 2007b number, which indicate that a quasi-steady approximation is justified for low frequency sniffing in humans and high frequency sniffing in small non-primate mammals. However, the influence of unsteady sniffing on nasal airflow and odorant deposition in the nasal cavity of larger mammals, where unsteady flow effects may be important (e.g., see Craven et al. 2007; Ranslow et al. 2014) , has yet to be investigated. This is especially critical for two reasons. First, from a physiological perspective it is unknown whether unsteady flow effects in the nose influence odorant uptake and, if so, if this confers a chemosensory advantage (or disadvantage) for larger species such as the canine, one of nature's best chemical trace detectors. Second, from a computational perspective, if unsteady nasal airflow during sniffing does influence odorant uptake, then the quasi-steady assumption is invalid and, accordingly, steady-state CFD simulations may not be used to predict nasal airflow and odorant deposition patterns during sniffing. Fully transient CFD simulations of sniffing, which are extremely computationally expensive, must instead be performed.
In this study, we quantify the influence of unsteady sniffing on airflow and odorant deposition in the canine nasal cavity to assess the validity of the quasi-steady assumption for sniffing in a large mammal. Additionally, we compare airflow and odorant deposition in the nose during sniffing versus quiet breathing to investigate, from a fluid dynamics and mass transport perspective, the advantages of sniffing for odorant acquisition compared with normal respiration. An anatomically accurate three-dimensional model of the left nasal airway of the coyote (Canis latrans) is reconstructed from high-resolution magnetic resonance imaging (MRI) scans of a cadaver specimen. Using the reconstructed nasal airway model, steady-state CFD simulations of airflow and odorant transport during inspiration and expiration at flow rates corresponding to quiet breathing and sniffing are performed and compared with a fully transient simulation of time-varying sniffing. Qualitative (gross flow patterns, velocity contours, odorant deposition patterns) and quantitative (regional flow distribution, odorant uptake efficiency, time-averaged olfactory flow rate and odorant uptake) results are presented to investigate the influence of unsteady sniffing and to compare sniffing versus quiet breathing. Finally, the implications of these results regarding olfaction are discussed.
Materials and methods

Anatomical model
A fresh, wild-caught female coyote (C. latrans) specimen with a mass of 14.5 kg was acquired from a trapper in central Pennsylvania in accordance with the regulations of the Pennsylvania Game Commission. Preparation of the specimen is described by Yee et al. (2016) . Briefly, the head of the specimen was removed and the lower jaw and external tissues were dissected from the head. The nasal cavity was then flushed with and immersed in 4% paraformaldehyde for approximately 2 weeks at 4 °C. To facilitate MRI scanning, the nasal specimen was then immersed in a phosphate-buffered saline (PBS) solution containing approximately 0.25% Magnevist (Bayer, Germany) for another 2 weeks. MRI scans of the specimen (e.g., see Figure 1a ) were acquired on a 7-Tesla horizontal Agilent system (Agilent, Santa Clara, CA) at Pennsylvania State University with an isotropic spatial resolution of 150 μm. The MRI scans were segmented and a three-dimensional surface model of the left nasal airway was reconstructed (Figure 1b ) using the methods of Craven and colleagues Rygg et al. 2013; Coppola et al. 2014; Ranslow et al. 2014; Pang et al. 2016 ).
Computational mesh
Two high-fidelity, hexahedral-dominant unstructured CFD meshes (coarse and fine; see Figure 1c ,d) were generated from the reconstructed model, which includes the left nasal airway, the external nose, and the head. Mesh generation was performed using the snappyHexMesh utility available in the open-source computational continuum mechanics library OpenFOAM (version 2.4). The coarse mesh includes approximately 30 million computational cells, whereas the fine mesh contains approximately 60 million computational cells. Both meshes include refinement along the dorsal meatus, a spherical refinement region encompassing the external naris to resolve inspired air as it enters the nostril, and 3 wall-normal layers to resolve large, near-wall velocity and species concentration gradients. CFD simulations were performed using each mesh as part of a mesh refinement study (see Materials and methods-Mesh refinement study).
Assumptions
The CFD simulations assume that the airway walls are rigid and that the nostril is static and undilated. Rigidity of the airway walls is well justified throughout most of the nasal cavity, as the nasal airways are formed by the interstitial space between tissue-lined bony turbinals (e.g., see Van Valkenburgh et al. 2014a for computed tomography scans of bony nasal turbinals). The most anterior portion of the canine nose (the naris), however, is mobile and deforms during sniffing. During inspiration the naris is relaxed and undilated, but during the expiratory phase of sniffing the nostril flares to facilitate the vectoring of a ventrolaterally directed air jet from the nose (Settles et al. 2003; Settles 2005) . Simulating nostril flaring during expiration is possible using CFD with dynamic mesh motion in an arbitrary Lagrangian-Eulerian (ALE) reference frame (e.g., see Cieri et al. 2014 , who used similar techniques). Such simulations, however, are computationally expensive and require precisely prescribing the three-dimensional kinematics of nostril motion, which have yet to be fully defined. Further, CFD simulations of canine sniffing (Craven et al. 2009 (Craven et al. , 2010 and recent bench-top experiments with a 3D printed dog's nose (Staymates et al. 2016 ) that both utilized a static nostril configuration demonstrated ventrolateral vectoring of the expired air jet due solely to the internal morphology and contouring of the nasal vestibule. Thus, nostril flaring is not the primary mechanism responsible for vectoring the expired flow stream, though it likely augments the angle of the vectored air jet. Nonetheless, since this study is focused on the internal fluid dynamics and odorant transport phenomena of olfaction, we neglect the influence of nostril motion on the external aerodynamics during expiration and use a static, undilated nostril configuration in the present CFD simulations.
The CFD simulations also assume that the thin mucus layer that lines the nasal airways has a negligible influence on the airflow. Except for the anterior nasal vestibule, which is lined with dry squamous epithelium, a thin layer of mucus covers the internal airways of the canine nose ). Due to the relative thickness of the mucus layer compared with the smallest airway gap width (~10 μm [Getchell et al. 1980; Menco 1980; Reznik 1990; Menco and Farbman 1992] versus ~1 mm, respectively) and the relative viscosity of mucus compared to air, it can be shown (see equation 3.1 in Rygg 2014) that the presence of the mucus lining has a negligible influence on the intranasal fluid dynamics and that a zero velocity "no-slip" condition may be assumed at the air-mucus interface.
Based on the magnitude of the Womersley number in the nasal cavity we assume that the airflow is quasi-steady during quiet breathing. In general, the degree of unsteadiness for an internal flow may be estimated by the magnitude of the non-dimensional Womersley number, defined as Wo
, where D h is the hydraulic diameter (a measure of the average airway diameter or gap width), f is the respiratory frequency in Hz, and v is the kinematic viscosity of air. When the Womersley number is less than one the flow is quasi-steady, but as Wo D h increases beyond unity the flow progressively deviates from quasi-steady behavior (Loudon and Tordesillas 1998) . During quiet breathing, airflow in the coyote nose may be approximated as quasi-steady since Wo D h < 1 (Figure 2a ). During sniffing, however, some flow unsteadiness exists in the nose and a quasi-steady approximation is not justified since Wo D h > 1 (Figure 2a) . Consequently, the influence of unsteady sniffing on airflow and odorant deposition in the coyote nose is unknown a priori and must be explicitly modeled by solving the time-dependent transport equations.
Finally, we assume that the flow is laminar in the coyote nasal cavity during quiet breathing and sniffing. The existence of laminar or turbulent flow depends on whether the flow is quasi-steady or unsteady. For quasi-steady flow (Wo D h < 1), the Reynolds number is used to predict if the flow is laminar or turbulent. The Reynolds number is defined as
where Q is the volumetric flow rate and A c is the airway cross-sectional area. In general, quasisteady laminar flow exists when the Reynolds number is less than approximately 2000 (White 2011) . Accordingly, nasal airflow in the coyote is likely to be laminar during quasi-steady breathing since the maximum Reynolds number is about 500 (Figure 2b ). Important for this study in which we examine the influence of unsteadiness by comparing unsteady sniffing versus a quasi-steady "sniff," laminar flow is also expected at even higher quasi-steady flow rates that correspond to the mean and peak inspiratory flow rate of a sniff (Figure 2b is defined in terms of the peak (or maximum) oscillatory flow rate. For oscillatory pipe flow, transition to turbulence occurs when this ratio is in the range from 250 to 1000 (Peacock et al. 1998 Wo ratio in the coyote (Figure 2c ), we anticipate that the flow throughout much of the nasal cavity is laminar during sniffing. The only exception is in the nasal vestibule, where Wo is much smaller (Figure 2c ). However, given that the present study is focused on airflow and odorant deposition in the posterior olfactory recess, we assume that the flow is laminar throughout the entire airway and neglect the influence of intermittent transitional flow in the vestibule for the following reasons. First, the occurrence of transitional flow is confined to the nasal vestibule during the peak inspiratory phase and peak expiratory phase of sniffing-it does not exist throughout the entire sniff cycle or in any other region of the nose. Second, the intermittent velocity fluctuations associated with transitional flow in the vestibule are unlikely to affect the gross nasal airflow patterns or flow in the olfactory region. Additionally, such intermittent transition will not appreciably affect odorant deposition, as negligible odorant uptake occurs in the vestibule because it is lined with dry squamous epithelium (see Materials and methods-Governing equations and boundary conditions). Finally, simultaneously computing laminar flow, transition to turbulence, and relaminarization of a pulsatile flow in a complex geometry is extremely challenging and computationally expensive (see Craven et al. 2009 for discussion), and is not presently warranted given that our primary aim is to investigate airflow and odorant deposition in the posterior olfactory region, which is far removed from the anterior nasal vestibule.
Governing equations and boundary conditions
Nasal airflow was simulated by numerically solving the incompressible continuity
and Navier-Stokes equations
where u is the velocity vector and p is pressure. The transport of odorant vapor in air is governed by the unsteady advection-diffusion equation
where C is the molar concentration of odorant and D oa is the binary diffusion coefficient of the odorant in air. The computational domain comprises the reconstructed head, external nose, and nasal cavity of the coyote placed in a large rectangular box, where atmospheric pressure boundary conditions were applied (as in Craven et al. 2009 ). Assuming the airway walls are rigid and that the mucus layer that lines the airways has a negligible influence on the intranasal fluid dynamics (see Materials and methods-Assumptions), no-slip boundary conditions were specified on all solid surfaces of the computational model. Nasal airflow was induced by prescribing the pressure at the nasopharynx to achieve physiologically realistic flow rates for quiet breathing and sniffing. Quasi-steady simulations were performed using a fixed pressure condition at the nasopharynx to induce nasal airflow rates of 4.34 L/ min and 8.88 L/min for quiet breathing and a notional quasi-steady "sniff," respectively. Given the mass of the specimen (14.5 kg), the flow rate for quiet breathing is estimated from the allometric relationship of Bide et al. (2000) for respiratory minute volume. The flow rate for a quasi-steady sniff is calculated from the allometric equation of Craven et al. (2010) for the mean inspiratory airflow rate measured during canine sniffing. For the transient simulation of sniffing, a sinusoidal pressure boundary condition was applied at the nasopharynx to induce oscillatory airflow through the nose at a frequency of 5 Hz (the sniff frequency measured in live dogs; see Craven et al. 2010 ) and with a mean inspiratory flow rate approximately equal to the mean inspiratory airflow rate that was used in the quasi-steady sniff simulations. The mean inspiratory flow rate for an unsteady sniff is calculated as
where Q t ( ) is the time-varying sniff flow rate, T is the sniff period (0.2 s), and T / 2 is the inspiratory period of a sniff (0.1 s).
Simulations of odorant deposition utilized a relatively dilute inlet odorant concentration of 1 μmol/m 3 that is above the range In calculating the Womersley number, the sniff frequency is estimated to be 5 Hz based on the experiments of Craven et al. (2010) in live dogs, and the frequency of quiet breathing (0.44 Hz) is estimated from the allometric relationship for respiratory rate provided by Stahl (1967) given the mass of the specimen (14.5 kg). In calculating the Reynolds number, the flow rate for quiet breathing (4.34 L/min) is estimated from the allometric equation of Bide et al. (2000) for respiratory minute volume, and the mean and peak sniff flow rates (8.88 L/min and 11.54 L/min, respectively) are based on the allometric equations provided by Craven et al. (2010) for canine sniffing. All flow rates are for a single nasal airway.
of detection thresholds reported for the domestic dog (Walker et al. 2006) . However, note that due to the linearity of equation (3) the odorant deposition results reported here can be linearly scaled to correspond to any other inlet odorant concentration by multiplying by the appropriate conversion factor (i.e., the ratio of the preferred inlet concentration in units of μmol/m 3 to the present inlet concentration of 1 μmol/m 3 ). A zero-gradient concentration boundary condition was specified on the head and external nose, and on the walls of the nasal vestibule, which is lined with dry squamous epithelium that is relatively impermeable compared with the mucus-coated respiratory and olfactory epithelium lining the rest of the nasal cavity (Kimbell et al. 2001) . A Robin-type boundary condition of the form
was applied on the mucus-lined walls of the respiratory and olfactory regions. Here, C Γ is the odorant concentration along the airway wall boundary Γ, ( ) ∇C Γ is the concentration gradient at the wall, n is the wall-normal vector, D om is the odorant diffusion coefficient in mucus, K am is the air-mucus odorant partition coefficient, and h m is the thickness of the mucus layer (taken here to be 10 μm; see Materials and methods-Assumptions). This boundary condition, which was first derived by Keyhani et al. (1997) and has been used in other studies of odorant deposition (e.g., see Zhao et al. 2004; Yang et al. 2007b; Lawson et al. 2012) , accounts for odorant sorption at the air-mucus interface, diffusion across the mucus layer, and uptake at the epithelial surface.
Odorants
Four different odorants are investigated in this study: nonane, isoamyl acetate, acetophenone, and heptanoic acid. The specific set of odorants was chosen to span a wide range of air-mucus odorant partition coefficients and because they are commonly used in olfactory physiology experiments (e.g., see Coppola et al. 2013; Scott et al. 2014) . The physicochemical properties of each odorant are listed in Table 1 . Odorant diffusion coefficients were obtained using the US Environmental Protection Agency (EPA) On-line Tools for Site Assessment Calculation (https://www3.epa.gov/ceampubl/ learn2model/part-two/onsite/estdiffusion-ext.html). The air phase diffusion coefficients (D oa ) were calculated using the Wilke and Lee method, whereas the diffusion coefficients in mucus (D om ) were estimated to be equal to the diffusion coefficients in water, calculated by the Hayduk and Laudie method. Air-water odorant partition coefficients (K aw ) were calculated from the Henry's Law Constants (H ) that were obtained using the HENRYWIN model in the US EPA Estimation Program Interface (EPI) Suite (version 4.11; https://www. epa.gov/tsca-screening-tools/epi-suitetm-estimation-program-interface). The air-mucus odorant partition coefficients (K am ) were then calculated by applying a correction to the air-water partition coefficient values to account for the differences between water and mucus properties. This correction, developed by Scott et al. (2014) , requires knowledge of the octanol-water partition coefficients, which were obtained using the KOWWIN model in the EPI Suite.
Numerical methods
Quasi-steady simulations of airflow were performed by numerically solving the steady-state form of the incompressible continuity and Navier-Stokes equations (eq. 1 and 2, respectively) with the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) solver available in OpenFOAM using second-order accurate spatial discretization schemes. Iterative convergence of the steady-state solution was attained when the normalized solution residuals reached 10 -4
. Additionally, primitive solution variables (maximum velocity, minimum and maximum pressure) and various integrated quantities (volumetric flow rate, viscous and pressure forces) were monitored to ensure convergence of the computed steady-state solution. Quasi-steady odorant deposition simulations used the steady-state velocity field to advect odorant through the nasal cavity by numerically solving the time-dependent advection-diffusion equation (eq. 3) in OpenFOAM until a quasisteady state was reached. The existence of a quasi-steady solution was assessed by monitoring local values of odorant concentration and flux throughout the nose and integrated odorant uptake in both the respiratory and olfactory regions. Each quasi-steady simulation was performed using 144 processors and required approximately 36 h of wall clock time (i.e., elapsed physical time) to calculate both the nasal airflow and odorant deposition solutions using the coarse mesh.
The transient simulation of sniffing was performed by numerically solving equations (1) and (2) with the hybrid PISO-SIMPLE (PIMPLE) solver available in OpenFOAM using second-order accurate spatial and temporal discretization schemes. A maximum Courant number of 0.5 was used to ensure that the simulation was fully time-resolved. Time-accurate odorant deposition was simulated by solving equation (3) at each time step using the current velocity field. The flow was simulated over 3 complete sniff cycles, with the first 2 cycles required to eliminate startup effects and to achieve a periodic steady state during the third sniff cycle, throughout which odorant deposition was also calculated. The simulation of transient sniffing was performed using 144 processors and required approximately 1 month of wall clock time to compute both the nasal airflow and odorant deposition solutions using the coarse mesh. Accordingly, the time-accurate sniffing simulation was approximately 20 times more computationally expensive than each quasi-steady simulation.
Mesh refinement study
To ensure that the results reported here are accurate and insensitive to the mesh resolution, a CFD mesh refinement study was conducted. D oa is the odorant diffusivity in air, D om is the diffusivity in mucus (approximated as water), H is the Henry's law constant, K ow is the octanol-water partition coefficient, K aw is the air-water partition coefficient, and K am is the air-mucus odorant partition coefficient.
Specifically, steady-state CFD simulations were performed using both the coarse and fine meshes-which contain approximately 30 million and 60 million computational cells, respectively-for the highest flow rate condition, a quasi-steady sniff at approximately 8.88 L/min (see Materials and methods-Governing equations and boundary conditions). Qualitatively, the computed velocity field is virtually identical between the coarse and fine mesh solutions (e.g., see Figure 3) . Quantitatively, the total volumetric flow rate through the nasal cavity was calculated for each mesh, subject to the same prescribed pressure at the nasopharynx. For a given pressure difference, the computed flow rate depends on the numerical dissipation (i.e., mesh resolution), and is thus an excellent overall metric for quantitatively assessing mesh convergence. For a quasi-steady sniff in the coyote, the resultant analysis yielded a mere 0.6% difference in nasal airflow rate between the coarse and fine mesh solutions. These qualitative and quantitative similarities between the coarse and fine mesh solutions indicate that the coarse mesh is adequately resolved and that the resultant CFD solution is insensitive to mesh refinement. Thus, the coarse mesh was chosen for the remaining CFD simulations that are reported here.
Results
Steady-state CFD simulations of quasi-steady airflow and odorant deposition during inspiration were performed for flow rates corresponding to quiet breathing (4.34 L/min) and a notional quasi-steady "sniff" (8.88 L/min) to investigate the effect of flow rate on olfactory function. Additionally, simulations of quasi-steady airflow and odorant deposition during expiration were performed to characterize retronasal airflow patterns and odorant deposition, and to quantify the influence of the odorant concentration boundary condition applied at the nasopharynx during the expiratory phase of the transient sniffing simulation. The steady-state CFD calculation of expiratory airflow was computed for a quasi-steady sniff flow rate. Finally, a time-resolved simulation of transient sniffing was performed to investigate the impact of unsteady sniffing on olfactory transport phenomena and to assess the validity of the quasi-steady assumption by comparing with the quasi-steady sniff simulation. The results of the CFD simulations and the comparative analyses are reported here.
Airflow
Streamlines extracted from the steady-state CFD simulations reveal the gross flow patterns in the coyote nasal cavity during inspiration and expiration at a flow rate corresponding to a notional quasisteady sniff (Figure 4) . During inspiration, the flow splits upon entering the nose into two distinct flow paths: respiratory and olfactory (Figure 4a ). Air that takes the respiratory route filters through the convoluted branches of the maxilloturbinal before reaching the nasopharynx, where it exits the nasal cavity without entering the olfactory region. In contrast, air that follows the olfactory flow path is transported through the dorsal meatus at a relatively high speed (Figure 4a,b) , completely bypassing the convoluted respiratory region, en route to the posterior olfactory recess. Inspired air that enters the olfactory recess via the dorsal meatus flows to the posterior end of the sensory region, where it decelerates and turns to flow in a forward-lateral (anterolateral) direction as it slowly filters through the ethmoturbinal scrolls that are lined with olfactory epithelium. During expiration, air flows from the nasopharynx, through the respiratory region, and exits the nasal cavity via the nostril without entering the olfactory region (Figure 4c ). No appreciable airflow enters the sensory region during expiration due to the location and morphology of the olfactory recess, which restricts retronasal access. Similar gross nasal airflow patterns were also observed in simulations of quiet breathing and in the transient simulation of unsteady sniffing. That is, unsteady sniffing had no significant effect on gross nasal airflow patterns.
Contours of velocity magnitude were also extracted from the CFD simulations to investigate the influence of sniffing on the local velocity distribution in the respiratory and olfactory regions of the nose. Results for unsteady sniffing are shown in Figure 5 at two time points during the transient sniff cycle: 1) when the airflow rate matches the quasi-steady sniff flow rate (8.88 L/min) during the deceleration phase of inspiration (annotated as (i) in Figure 6a ) and 2) when the nostril-to-nasopharynx pressure difference is zero following the inspiratory phase of the sniff cycle, just prior to expiration (the time at which complete flow reversal would occur in the absence of flow unsteadiness; annotated as (ii) in Figure 6a ). Compared with a notional quasi-steady sniff at approximately the same flow rate, the local velocity distribution is similar for unsteady sniffing in both the respiratory (Figure 5a ,c) and olfactory regions (Figure 5b,d ). The only difference is that, for unsteady sniffing, there is a slightly larger region of high speed flow along the dorsal meatus in the respiratory region and in the medial aspect of the olfactory region, which is confluent with the dorsal meatus. At the second time point during the sniff cycle shown in Figure 5 (panels e and f), when the nostrilto-nasopharynx pressure difference is zero, there is still some flow in both of these aforementioned regions of the nose and in the nasopharynx. This is because the dorsal meatus and the nasopharynx are relatively large airways and have a higher local Womersley number. As a result, there is some local unsteadiness that is most pronounced during flow reversal.
Quantitatively, the total nasal airflow rate was calculated throughout the unsteady sniff cycle. As shown in Figure 6a , there is a lag of approximately 0.01 s between the instantaneous nostrilto-nasopharynx pressure difference, ΔP, and the induced nasal airflow rate. The phase lag is evident by considering that the ΔP and flow rate curves do not cross the zero axis at the same instant in time; the flow rate is delayed by about 0.01 s. This is due to the unsteady effects that occur during sniffing and is characteristic of internal flows having a non-dimensional Womersley number greater than unity (e.g., see Loudon and Tordesillas 1998) . Physically, the phase shift occurs because the flow has inertia and cannot respond instantaneously to rapid changes in the overall pressure difference driving the flow.
To quantify the olfactory sampling efficiency of the nose, the flow rate and tidal volume into the olfactory region via the dorsal meatus were calculated. During unsteady sniffing, a large bolus of air enters the sensory region throughout the inspiratory phase, whereas little backflow occurs during expiration (Figure 6b) . Physically, this backflow occurs when a portion of the expired airflow from the nasopharynx circulates through the region of the dorsal meatus that is located in the anterior part of the olfactory recess (see streamlines in Figure 4c ). The amount of air that leaves the olfactory region through the dorsal meatus during expiration (0.41 mL), however, is small compared to the amount of air that is inspired (3.97 mL). Accordingly, the total olfactory tidal volume for unsteady sniffing is 3.56 mL ( Table 2 ). Given that the volume of the olfactory region in the coyote is 10.4 mL, each sniff fills approximately 40% of the sensory region with fresh odorant-laden air, nearly all of which is retained during expiration. Functionally, this facilitates increased odorant residence time, allowing odorant-laden air to reside in the sensory part of the nose over multiple sniff cycles.
Comparing unsteady sniffing versus a quasi-steady sniff, the total inspiratory tidal volume is slightly greater for unsteady sniffing ( Table 2 ). The olfactory tidal volume (TV Olf ) and olfactory minute volume (VOlf ⋅ ) are, however, almost identical for each case (TV Olf of 3.64 mL vs. 3.56 mL and VOlf ⋅ of 1.09 L/min vs. 1.07 L/min for a notional quasi-steady sniff vs. unsteady sniffing, respectively). The percentage of the total inspired air delivered to the olfactory region is slightly greater for a quasi-steady sniff than for unsteady sniffing (24.8% vs. 21.9%, respectively) due to the aforementioned increase in total inspiratory tidal volume during unsteady sniffing (Table 2) . In either case, this is greater than the 20.3% of inspired air that reaches the olfactory region for quasi-steady quiet breathing.
Because the inspiratory period of quiet breathing (1.1 s) is much longer than the inspiratory period of a sniff (0.1 s), significantly more air is inspired during a single breath than during a single sniff (roughly 80 mL compared to about 15 mL, respectively). Consequently, significantly more air reaches the olfactory region in a single breath versus a single sniff (approximately 17 mL vs. about 3.5 mL, respectively; Table 2 ). However, per unit time sniffing delivers about 2.5 times more air to the sensory region compared to quiet breathing (VOlf ⋅ in Table 2 ).
Odorant deposition
Simulations of quasi-steady airflow and odorant deposition during expiration were performed to: 1) characterize retronasal odorant uptake and 2) investigate the influence of the odorant concentration boundary condition applied at the nasopharynx during the expiratory phase of the transient sniffing simulation. An expiratory airflow rate of 8.88 L/min, corresponding to a notional quasi-steady sniff, was used with a 1 μmol/m 3 inlet concentration of isoamyl acetate applied at the nasopharynx. The simulations revealed that, due to the expiratory nasal airflow patterns that restrict retronasal olfactory access (Figure 4c) , there is little retronasal odorant deposition in the sensory region during expiration ( Figure 7 ). As shown in Figure 7b , only a small amount of isoamyl acetate is deposited on the anterior edges of the ethmoturbinals, where odorant-laden expiratory airflow emanating from the nasopharynx skirts these anterior ethmoturbinal projections (Figure 4c ). Since expiratory nasal airflow patterns during sniffing are the same as during a quasi-steady expiration (see Results-Airflow), this demonstrates that odorant expired from the lower respiratory tract has a negligible influence on overall odorant uptake in the olfactory region during sniffing. Accordingly, because the primary focus of this study is on olfactory function, in the transient CFD simulation of sniffing we use a zero-concentration inlet odorant boundary condition at the nasopharynx during expiration. During quasi-steady inspiration, significantly different deposition patterns occur in the olfactory region for different odorants depending on the air-mucus partition coefficient (Figure 8 ). Highlysoluble odorants (heptanoic acid and acetophenone) are deposited at upstream locations along the olfactory flow path, primarily along the dorsal meatus. The moderately-soluble isoamyl acetate penetrates comparatively deeper into the sensory region, reaching the posterior extent of the olfactory recess. Little isoamyl acetate, however, reaches the lateral aspect of the sensory region, which is farther downstream along the olfactory flow path. In contrast, the insoluble odorant nonane is deposited throughout the olfactory recess, with a deposition pattern that is much more uniform compared to the more soluble odorants.
Odorant deposition patterns in the olfactory region are also a function of the quasi-steady inspiratory airflow rate (Figure 8 ). Compared to quasi-steady breathing at 4.34 L/min, odorant-laden air penetrates deeper into the olfactory recess, reaching farther downstream locations along the olfactory flow path at the higher flow rate corresponding to a notional quasi-steady sniff (8.88 L/ min). However, compared to the influence of the partition coefficient, which varies by several orders of magnitude for different odorants (Table 1) , the deposition pattern for a given odorant is much Figure 6a) , and (e,f) when the nostril-to-nasopharynx pressure difference is zero following the inspiratory phase of the sniff cycle, just prior to expiration (the time at which complete flow reversal would occur in the absence of flow unsteadiness; annotated as (ii) in Figure 6a ). Note that the velocity contours in (b), (d), and (f) are shown on a log scale to encompass the range of velocities present in the olfactory region.
less sensitive to comparatively small changes in the inspiratory flow rate between quiet breathing and a quasi-steady sniff.
Comparing odorant deposition for a notional quasi-steady sniff with that during unsteady sniffing at a comparable mean inspiratory airflow rate, similar qualitative deposition patterns of isoamyl acetate are observed during inspiration. Following a brief time delay associated with the time required for odorant-laden air to transit the length of the dorsal meatus en route to the olfactory region, deposition patterns of isoamyl acetate during the inspiratory phase of unsteady sniffing (between approximately 0.05 s and 0.1 s in Figure 9 ) are comparable to those observed during a notional quasi-steady sniff (Figure 8 ). During expiration, however, since airflow does not circulate through the olfactory recess (see Results-Airflow and Figure 4c ), quiescent odorant-laden air resides in the sensory region, permitting continued odorant uptake throughout the expiratory phase of the sniff (Figure 9 ). Sustained odorant uptake throughout expiration is confirmed by plotting the uptake rate of isoamyl acetate in the olfactory region throughout the unsteady sniff cycle (Figure 10a) . Following an initial time delay associated with odorant transit through the dorsal meatus, olfactory odorant uptake quickly increases during inspiration, reaching a maximum during the deceleration phase (at a nondimensional time of about 0.4 in Figure 10a , where inspiration is from t/T = 0 to t/T = 0.5 and expiration is from 0.5 to 1.0). Odorant uptake continues throughout expiration until nearly all of the isoamyl acetate is depleted at the end of the sniff cycle. Quantitatively, approximately 26% of the total olfactory uptake occurs during the expiratory phase of unsteady sniffing.
To calculate the total odorant uptake in the olfactory region, we integrate the plots of olfactory uptake rate (Figure 10a ) with respect to time, yielding the total olfactory molar uptake, N Olf , of isoamyl acetate for quasi-steady breathing, a quasi-steady sniff, and unsteady sniffing (Table 3) . For the quasi-steady cases, we assume a constant uptake rate integrated over the inspiratory period of a single breath or sniff, as illustrated in Figure 10a . The total olfactory molar uptake of isoamyl acetate is comparable for unsteady sniffing and a quasi-steady sniff (3.01 pmol vs. 2.96 pmol, respectively), both of which are much less than the total olfactory uptake during a single quasi-steady breath (13.5 pmol; see Table 3 ). This is because the inspiratory period of quiet breathing (1.1 s) is much longer than the inspiratory period of a sniff (0.1 s), leading to significantly more odorant inspired and deposited in the olfactory region during a single breath compared with a single sniff.
The efficiency of odorant uptake in the olfactory region may be quantified by normalizing the total olfactory uptake, N Olf , by the total amount of odorant inspired into the nasal cavity, N Total . The olfactory uptake efficiency (η = N / N Olf T otal ) was calculated for all four odorants from the quasi-steady simulations and for isoamyl acetate from the unsteady sniffing simulation. In general, odorant uptake efficiency is greater for a quasi-steady sniff compared with quasi-steady breathing, except for the insoluble odorant nonane (Figure 10b ). Comparing the different odorants, the moderately-soluble odorant isoamyl acetate has the highest olfactory uptake efficiency at both flow rates, whereas nonane has the lowest efficiency. The olfactory uptake efficiencies for acetophenone and heptanoic acid are lower than for isoamyl acetate at both flow rates (Figure 10b ) due to significant upstream odorant deposition in the respiratory region of the Figure 6 . Total and olfactory flow rate in the coyote nasal cavity. (a) Total nasal airflow rate during unsteady sniffing is plotted alongside the instantaneous nostril-to-nasopharynx pressure difference, ∆P. For comparison, the quasisteady sniff flow rate is also shown. Note that a negative ∆P and positive flow rates correspond to inspiration. The two time points shown in Figure 5 for unsteady sniffing are annotated here as: (i) the time at which the airflow rate during the deceleration phase of inspiration for unsteady sniffing matches the quasi-steady sniff flow rate (8.88 L/min), and (ii) the time at which the nostrilto-nasopharynx pressure difference is zero following the inspiratory phase of the sniff cycle. (b) Flow rate into the olfactory region via the dorsal meatus for unsteady sniffing, a quasi-steady sniff, and quasi-steady breathing plotted as a function of normalized time, where T is the period of a sniff or respiratory cycle. for quasi-steady sniffing and breathing, where Q is the flow rate and T is the period of a sniff or respiratory cycle. The olfactory minute volume is calculated as V TV T Olf Olf ⋅ = / , with T in minutes. VOlf ⋅ represents the time-averaged flow rate into the olfactory region over the entire sniff or respiratory period. For reference, the total volume of the left nasal airway of the coyote is 24.6 mL and the volume of the olfactory region is 10.4 mL.
nose for the more soluble odorants. Interestingly, acetophenone and heptanoic acid have comparable olfactory uptake efficiencies for both quasi-steady breathing and a quasi-steady sniff. Thus, decreasing the air-mucus odorant partition coefficient below a certain limit (~10 -4 ) does not have a significant influence on olfactory uptake efficiency over the range of partition coefficients considered here. Contours of isoamyl acetate flux in the coyote nasal cavity during expiration at a flow rate corresponding to a notional quasi-steady sniff (8.88 L/min) with an inlet odorant concentration of 1 μmol/m 3 applied at the nasopharynx. Odorant flux contours are shown after 0.1 s of expiration (the typical expiratory period of the sniff cycle) (a) along the walls of the nasal airway viewed from a lateral perspective, and (b) in the olfactory recess. During expiration, airflow from the nasopharynx does not circulate through the sensory region due to the location and morphology of the olfactory recess, which restricts retronasal access (Figure 4) . Because of this, there is little retronasal odorant deposition in the olfactory region during expiration. Compared with a quasi-steady sniff, unsteady sniffing has a comparable, albeit slightly lower, olfactory uptake efficiency for isoamyl acetate (Figure 10b ). This is due to the fact that the olfactory molar uptake is comparable between a quasi-steady sniff and unsteady sniffing (Table 3) , whereas the total amount of odorant inspired is slightly greater in the latter case due to the increased tidal volume associated with unsteady sniffing (Table 2) . This results in a slightly lower olfactory uptake efficiency of isoamyl acetate for unsteady sniffing compared with a quasi-steady sniff.
To directly compare the amount of odorant deposited in the olfactory region per unit time, we calculate a parameter that we term the "olfactory minute uptake" that is defined as the total odorant uptake in the olfactory region throughout a sniff or respiratory cycle divided by the period (in minutes) of sniffing or breathing, respectively (i.e., N N T Olf Olf ⋅ = / ). The olfactory minute uptake, NOlf ⋅ , represents the average odorant uptake rate in the olfactory region over the entire sniff or respiratory period, and is thus an odorant-deposition analogue to the olfactory minute volume, VOlf ⋅ (see Results-Airflow and Table 2 ). Comparing unsteady sniffing versus a quasi-steady sniff, NOlf ⋅ is approximately the same in each case for isoamyl acetate (0.903 vs. 0.888 nmol/min, respectively)-see Table 3 and Figure 10c . This is significantly greater than the olfactory minute uptake of isoamyl acetate during quiet breathing (0.357 nmol/min). A greater olfactory minute uptake is also observed for acetophenone and heptanoic acid during sniffing compared with breathing, whereas NOlf ⋅ is approximately the same in each case for the insoluble odorant nonane. Thus, though more odorant is inspired and deposited in the olfactory region during a single breath compared with a single sniff due to the longer inspiratory period in the former case, in general sniffing results in significantly more uptake per unit time of highly-and moderately-soluble odorants in the olfactory region compared with quiet breathing (about 2.5-3 times more uptake depending on the odorant; see Table 3 and Figure 10c ).
Discussion
In this study we perform CFD simulations of airflow and odorant deposition in the coyote nasal cavity to: 1) investigate the influence of unsteady sniffing on olfactory function, and 2) compare sniffing versus quiet breathing. Quantifying the influence of unsteady sniffing is important for two reasons. First, from a physiological perspective it is unknown whether unsteady flow effects in the nose influence odorant uptake and, if so, if this confers a chemosensory advantage. Second, from a computational perspective, if unsteady nasal airflow during sniffing does influence odorant uptake, then the quasi-steady assumption is invalid and, accordingly, steady-state CFD simulations may not be used to predict nasal airflow and odorant deposition patterns during sniffing. Fully transient CFD simulations of sniffing, which are extremely computationally expensive, must instead be performed. Additionally, we compare sniffing versus quiet breathing to better understand the functional advantages of sniffing and why canids generally sniff to acquire an odor stimulus. To address these questions, we qualitatively and quantitatively compare airflow and odorant deposition in the coyote nasal cavity during quiet breathing, a notional quasi-steady sniff, and unsteady sniffing. Quantitatively, we define two new parameters to characterize olfactory function: olfactory minute volume, VOlf ⋅ , and olfactory minute uptake, NOlf ⋅ . Akin to the respiratory minute volume, the olfactory minute volume is defined as the total volume of air delivered to the olfactory region throughout a sniff or respiratory cycle divided by the period (in minutes) of sniffing or breathing, respectively. It represents the timeaveraged flow rate into the sensory region over the entire sniff or respiratory period. Likewise, the olfactory minute uptake is defined as the total odorant uptake in the olfactory region throughout a sniff or respiratory cycle divided by the relevant period. Physically, NOlf ⋅ represents the time-averaged odorant uptake rate in the olfactory region Figure 9 . Contours of isoamyl acetate flux in the coyote nasal cavity during unsteady sniffing with an inlet odorant concentration of 1 μmol/m 3 . Odorant flux contours on the airway walls are shown from a medial perspective at various time points throughout the unsteady sniff cycle, beginning with inspiration that lasts until 0.1 s, followed by the expiratory sniff phase from 0.1 s to 0.2 s (Figure 6a ). Compared to a notional quasi-steady sniff with a comparable mean inspiratory airflow rate (Figure 8 ), similar qualitative deposition patterns of isoamyl acetate are observed during the inspiratory phase of unsteady sniffing.
over the entire sniff or respiratory period, and is thus an odorantdeposition analogue to the olfactory minute volume.
Our CFD simulations revealed gross flow patterns in the coyote nasal cavity during inspiration and expiration. During inspiration, the flow splits upon entering the nose into two distinct flow paths: respiratory and olfactory (Figure 4) . Olfactory airflow is transported to the posterior sensory region via the dorsal meatus, which bypasses the convoluted respiratory region. During expiration, no appreciable retronasal airflow enters the olfactory region. Accordingly, airflow in the olfactory region largely consists of unidirectional flow during inspiration and a quiescent period during expiration that facilitates longer odorant residence times for increased odorant uptake.
Unsteady flow effects during sniffing are predominantly confined to the larger airways during the flow reversal phase of the sniff, with no appreciable influence on gross nasal airflow patterns. Similar gross flow patterns occur in the nose during quasi-steady breathing, a notional quasi-steady sniff, and unsteady sniffing. Comparing a quasi-steady sniff with unsteady sniffing, there is some influence of unsteadiness on the local velocity distribution in the larger airways (dorsal meatus and nasopharynx) during flow reversal ( Figure 5 ) because these larger airways have a higher local Womersley number. This leads to a slight phase lag between the instantaneous nostril-to-nasopharynx pressure difference and the induced nasal airflow rate (Figure 6a) . Quantitatively, however, the unsteadiness of sniffing has a minor effect on the amount of airflow that reaches the olfactory region. Most importantly, the olfactory minute volume for unsteady sniffing and a notional quasi-steady sniff are comparable (1.07 L/min vs. 1.09 L/min, respectively; Table 2 ).
Simulations of sniffing (both unsteady and quasi-steady) versus quiet breathing demonstrate that sniffing is significantly more efficient than breathing at delivering odorant-laden air to the olfactory region of the coyote. The olfactory minute volume for sniffing is about 2.5 times greater than for quiet breathing (Table 2) . That is, per unit time sniffing conveys approximately 2.5 times more air to the sensory region compared to breathing. This is due to the increased flow rate of sniffing and because proportionally more of the total inspired airflow reaches the olfactory region during a sniff; 22-25% of the total inspired airflow reaches the olfactory region for sniffing compared to 20% for quiet breathing (Table 2) .
Our CFD simulations also revealed odorant deposition patterns in the coyote nasal cavity during inspiration and expiration. Significantly different deposition patterns occur in the olfactory region during inspiration for different odorants depending on the air-mucus odorant partition coefficient. Highly-soluble odorants (e.g., heptanoic acid and acetophenone) are deposited at upstream locations along the olfactory flow path, mainly along the dorsal meatus, whereas volatile odorants (e.g., nonane) are deposited more uniformly across the olfactory recess (Figure 8 ). During expiration, due to expiratory nasal airflow patterns that restrict retronasal olfactory access, there is little retronasal odorant deposition in the sensory region of the coyote (Figure 7) .
Qualitatively and quantitatively, deposition of the moderatelysoluble odorant isoamyl acetate is comparable for unsteady sniffing and a quasi-steady sniff. Transient CFD simulations of odorant deposition during unsteady sniffing showed similar qualitative deposition patterns of isoamyl acetate during inspiration (Figure 9 ) compared to those observed during a notional quasi-steady sniff (Figure 8) . Quantitatively, the olfactory minute uptake of isoamyl acetate is comparable for unsteady sniffing and a notional quasi-steady sniff (0.903 vs. 0.888 nmol/min, respectively; Table 3 ). That is, unsteady flow effects during sniffing have a minor influence on the amount of isoamyl acetate deposited in the olfactory region per unit time.
Gross deposition patterns during quasi-steady breathing and a quasi-steady sniff are generally comparable for each odorant, albeit with slightly higher fluxes in the sensory region in the latter case because more odorant is inspired and the odorant penetrates deeper into the olfactory recess at the higher flow rate corresponding to sniffing (Figure 8) . The quantitative comparison of odorant uptake represents the average odorant uptake rate in the olfactory region over the entire sniff or respiratory period, and is thus an odorant-deposition analogue to the olfactory minute volume, VOlf ⋅ (Table 2 ).
in the olfactory region depends on the odorant. The olfactory minute uptake for highly-and moderately-soluble odorants is about 2.5-3 times greater for a quasi-steady sniff than for quasi-steady breathing, whereas NOlf ⋅ is comparable between the two conditions for the insoluble odorant nonane (Figure 10c) . In other words, sniffing yields significantly more odorant uptake in the olfactory region of the coyote per unit time for highly-and moderately-soluble odorants compared with quiet breathing, and comparable average odorant uptake rates for insoluble odorants.
In summary, these results demonstrate that, although the unsteadiness of sniffing does slightly influence local velocity distributions in the larger airways during the flow reversal phase of the sniff, such unsteady flow effects in the canine nose do not appreciably affect qualitative or quantitative measures of nasal airflow and odorant deposition that influence olfactory function. These include gross airflow and odorant deposition patterns, the time-averaged flow rate into the sensory region throughout the sniff cycle (olfactory minute volume), and the time-averaged odorant uptake rate in the olfactory recess throughout the sniff (olfactory minute uptake). Thus, from a fluid dynamics and odorant mass transport perspective, this suggests that unsteady sniffing does not confer a significant chemosensory advantage compared with a long, continuous inspiration at approximately the same average inspiratory flow rate (i.e., a quasi-steady sniff)-at least for moderately-soluble odorants. Additionally, from a computational perspective, a quasi-steady approximation is justified for predicting time-averaged airflow and deposition of moderately-soluble odorants in the canine nose using the mean inspiratory airflow rate during unsteady sniffing (e.g., from the allometric equation of Craven et al. 2010) . That is, steady-state CFD simulations of nasal airflow and odorant deposition may be used to reasonably predict time-averaged olfactory function in the canine nose in lieu of performing fully transient simulations of sniffing.
Additionally, this study demonstrates a key functional advantage of sniffing compared to breathing, suggesting one reason why dogs actively sniff to acquire an odor sample. In the coyote, sniffing at a high flow rate delivers about 2.5 times more odorant-laden air to the olfactory recess that results in 2.5-3 times more uptake of highlyand moderately-soluble odorants in the sensory region per unit time compared to quiet breathing. This occurs because: 1) more odorant is inspired at a higher nasal airflow rate, 2) a greater percentage of the total nasal airflow reaches the olfactory region during sniffing compared to breathing (22-25% vs. 20%, respectively; Table 2 and 3) proportionally more highly-and moderately-soluble odorant reaches the olfactory region at a higher flow rate because less odorant is deposited upstream in the respiratory region. Functionally, due to the limited capacity of the lungs, a dog cannot perform the continuous quasi-steady sniff simulated herein-which is why we refer to it as being "notional" (though see Steen et al. 1996 for a notable exception). By rapidly alternating vigorous inspirations and expirations at high frequency and high flow rate (i.e., active sniffing), the dog overcomes this constraint and is able to draw in a large volume of odorant-laden air in a short period of time. Given that active sniffing has also been shown to extend the external aerodynamic reach of the dog's nose (Staymates et al. 2016) , the results of this study add to the list of fluid-dynamic advantages to active sniffing.
Compared with previous work on canine olfaction, the airflow and odorant deposition patterns demonstrated here in the coyote nasal cavity are remarkably similar to computational predictions in a mixed-breed Labrador retriever (Craven et al. 2010; Lawson et al. 2012) . Inspired airflow in the nose of the domestic dog also splits into distinct respiratory and olfactory flow paths, with olfactory airflow conveyed to the sensory region via the dorsal meatus (Craven et al. 2010) . As in the coyote, retronasal access of expiratory airflow to the olfactory region is likewise restricted in the mixed-breed Labrador retriever. Odorant deposition patterns in the coyote nasal cavity are also similar to those predicted in the domestic dog (Lawson et al. 2012) . Interestingly, however, a greater percentage (22-25%) of the total inspired airflow reaches the olfactory recess of the coyote during a sniff compared to the mixedbreed Labrador retriever, in which 12-13% of the inspired airflow is transported to the sensory region (Craven et al. 2010 ). Whether such differences are due to functional differences between wild and domesticated canids is unclear, but should be investigated in future work by increasing the sample size to include more dogs and by considering the two parameters developed here (olfactory minute volume and olfactory minute uptake) to quantitatively compare olfactory function across breeds.
To our knowledge, this is the first study to investigate the influence of unsteady sniffing on nasal airflow and vapor deposition. Jiang and Zhao (2010) considered the influence of sniffing on airflow and deposition of 1-100 nm inert nanoparticles in the rat nasal cavity. They likewise found that unsteady sniffing had no appreciable effect on gross nasal airflow patterns and that unsteady flow effects were confined to the flow reversal phase of the sniff. The influence of unsteady sniffing on particle deposition efficiency was found to depend on the particle size, with unsteady effects becoming less pronounced as the particle size decreases. The best agreement between quasi-steady and transient sniffing simulations for particle deposition efficiency in the rat nasal cavity was for the smallest particle size (1 nm, which is larger than most odorant molecules). Thus, though a direct comparison of our quasi-steady versus unsteady odorant deposition findings in the coyote with nanoparticle deposition in the rat is challenging due to differences in the nasal anatomy, flow rate, sniff frequency, odorant versus nanoparticle diffusivity, and boundary for quasi-steady sniffing and breathing, where n Olf ⋅ is the odorant uptake rate in the olfactory region. The olfactory minute uptake is defined as the molar uptake in the olfactory region throughout a sniff or respiratory cycle divided by the period (in minutes) of sniffing or breathing, respectively (i.e., N N T Olf Olf ⋅ = / ). NOlf ⋅ represents the time-averaged odorant uptake rate in the olfactory region over the entire sniff or respiratory period, and is thus an odorant-deposition analogue to the olfactory minute volume, VOlf ⋅ (Table 2) .
conditions (Jiang and Zhao used a zero particle concentration condition on the airway walls), the results reported here agree with the general trend reported by Jiang and Zhao (2010) for quasi-steady versus unsteady nanoparticle deposition in the rat nose.
Several limitations of the present study should be noted. Due to the computational expense of the transient sniffing simulation, which required approximately 1 month to compute using 144 processors, unsteady odorant deposition simulations were not performed for all odorants. Thus, the comparison of quasi-steady versus unsteady odorant deposition presented here is based on a single moderatelysoluble odorant, isoamyl acetate. Although we anticipate similar findings for more soluble odorants, future work should consider unsteady deposition of other odorants during sniffing, particularly insoluble odorants that are less readily sorbed and may persist in the olfactory region over multiple sniff cycles.
Additionally, the quantitative values reported here for olfactory uptake are integrated values over the entire olfactory recess. Ideally, this analysis should be confined to the area of the olfactory recess that is lined with sensory epithelium. However, this requires mapping histological distributions of sensory epithelium onto the reconstructed three-dimensional nasal airway model, which is a painstaking and labor-intensive task (e.g., see Deleon and Smith 2014) . Nevertheless, to accurately predict true olfactory uptake-that is, odorant deposition along the sensory epithelium-in a particular specimen, future work should investigate automating the histological mapping process (Deleon and Smith 2014) or acquiring histological information using non-destructive imaging techniques-for example, diffusible iodine-based contrast-enhanced computed tomography (diceCT) (Gignac and Kley 2014; Gignac et al. 2016) .
Finally, the odorant deposition simulations performed here assume quasi-steady diffusion of odorant molecules through a homogeneous mucus layer of uniform thickness. Although scaling arguments suggest that quasi-steady diffusion is a reasonable approximation, in reality the mucus layer is a complex milieu comprised of at least two mucoid phases (Getchell et al. 1984; Getchell and Getchell 1992; Getchell et al. 1993 ) that contain odorant-binding proteins, xenobiotic metabolizing enzymes, and other biochemical constituents (e.g., see Pelosi 1996; Briand et al. 2002; Heydel et al. 2013) . Unfortunately, detailed characterization of the olfactory mucus layer is currently lacking, but as recommended by Keyhani et al. (1997), "[t] he mucosal boundary condition should be refined in the future, as more information becomes available, to include variable mucus depth in different nasal regions, unsteady diffusion and chemical reaction in multiple mucosal compartments, interaction of odorants with olfactory receptors, and variable distribution density of receptors selectively sensitive to different odorants."
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